Abstract. A bioenergetic growth model was developed to examine the integrated effects of fertilization, stocking density, and spawning on the growth of tiiapia, Oreochromis niloticus (L.), in pond aquaculture. The analyses showed that growth rates increase with higher levels of organic ferlilization up to 5(HJkg/ha/week. Growth rates increased with added food rations in ponds, reaching a maximum growth of 2-07g/day at about 44-48 days after stocking. Fish growth rates decreased with increased levels of stocking density. The stocking density for optimal growth is 1 fish/m"; the optimal density for total harvesting weight and fish size is 2 fish/m". Model sensitivity analysis indicated that tiiapia growth is most sensitive to catabolism (metabolism) and anabolism (synthesis) coefficients, both of which are geometrically related to the fish body weight. Food assimilation efficiency (b) and the food consumption coefficient (h) have a modest effect on fish growth. Spawning in grow-out ponds can have a major effect on fish growth.
Introduction
Pond richness, stocking density, and spawning can significantly influence fish growth in ponds. The levels and relative effects ofeachofthe factors on the rates offish growth in ponds are difficult to discern since many of these effects are dependent and interactive. In lilapia culture, this problem can be particularly significant since ponds are stocked at a density close to or beyond the pond carrying capacity. At these levels of stocking density, tiiapia can sexually mature at an early age and leads to a condition called 'stunting', which frequently results in excessive recruitment, and reduces growth and yields of harvestable-size fish. The objective of this study is to develop a bioenergetic model to evaluate the relative effects of fertilization, stocking density, and spawning on tiiapia growth, and to study the optimal conditions of tiiapia growth and yield under different cultural conditions.
Bioenergetic models
A bioenergetic model was developed using the Ursin (1967) model, including factors such as fish size, rations, levels of fertilization, stocking density, and spawning. Ursin (1967) generalized Putter's (1920) metabolic growth model, dw/dr = Hw^^ -kw, to formulate the bioenergetic model as:
(Growth = Energy intake -Energy output)
where w is weight t is time H is the coefficient of anabolism (synthesis) (g' -'"/day) m is the exponent of body weight for anabolism k is the coefficient of fasting catabolism (metabolism) (g' -"/day) n is the exponent of body weight for fasting catabolism.
when dw/dt = 0 gives
In -m)
Wa, is an asymptotic weight. Equation 1 can be combined with the works of Winberg (1956) and Ivlev (1961) Winberg's (1956) energy balance equation gives the growth equation:
where dWdt is the ration (g/day), Q is the total metabolic rate (g/day), and b is the efficiency of food assimilation. Ursin (1967) proposed modelling rations as:
where/is the feeding level and is a function of fertilizer richness and population density, 0 </< 1, and h is a coefficient of food consumption. Based on Ivlev's (1961) equation, the feeding level can be expressed as:
where 5 is a coefficient, p is the fertilizer inputs, and N is the number of fish. The total metabolic rate can be separated into two components -feeding catabolism and fasting catabolism (Ursin 1979 
where a is a fraction of food assimilation. Then equation 1 can be expressed as:
This equation considers fish growth and its relationship to the number offish in ponds, fish sizes, and food concentration.
Tilapia, Oreochromis niloticus (L.), may spawn at an early age (3-6 months) before reaching the desired marketable size. In such cases, a portion of the fish's energy is diverted from increasing overall weight to increasing gonadal growth. In this study, since larvae were found in the ponds, the tilapia growth obtained from equation 7 was affected by the spawning behaviour. The growth equation without spawning effect can be modified as:
where sw is a ratio of larvae weight and fish weight.
Parameter estimations
The data used in this study were collected from 1985 to 1986 in Ayutthaya, Thailand by the Collaborative Research Support Program's (CRSP) global pond dynamics/aquaculture experiments. Two experiments, each covering a period of 5 months during either the wet or the dry season, were conducted each year. Detailed methods for pond preparation, stocking procedures, duration of experiments, and measurement methods are described in the CRSP Work Plan (CRSP 1985) . The dry season data from the Thailand third cycle were used to estimate the parameters and the wet season data were used to validate the model. These data include the results of additions of four levels (125,250, 5(X) and 1000kg/ha/week) referred to as levels 1, 2, 3 and 4 respectively of organic fertilizer (wet chicken manure) to the experimental ponds. The amount of fertilizer applied to the pond is used as the fertilizer richness in the simulation. Ursin (1967) suggested m = 2/3 and n = 5/6 as reasonable starting values. However, we found that m = 2/3 and n = 1 is a better estimate based on the least square method.
If m = 2/3 and n = 1 in equation 2 then the growth equation can be integrated and expressed per Beverton & HoU's (1957) equation as:
where /« is the time when w(t) = 0 and K is the growth coefficient of fish and K = k/3. Equation 2 can also be simplified as W=o = {H/k)^ and we get
From equation 10, we can obtain H. Asymptotic weight, W^, and growth coefficient, K, used for this computation are listed in Table 1 . Table I . Asymptotic lengths, L ", (cm), asymptotic weights, W^, (g). growth coefficients, K, (per year), estimated coefficients of anabolism, H.{g' ~ '"/day), and estimated coefficients of fasting catabolism, k, ig' ' "/day) for different fertilizer levels Caulton (1982) reported that the efficiency of food assimilation of tilapia ranges from 0-478 to 0-587. We used the average value {b = 0-53) in this study. From equation 7, H, the coefficient of anabolism, can be expressed as:
Because data on fertilizer richness (p) and fish density (N) were available from the CRSP data, known values for the efficiency of food assimilation (b), and for the coefficient of anabolism (H) were obtained from equation 10, parameters a, /i, ands inequation 11 can be estimated using the non-linear regression method by substituting values of//, b,p, and A'into equation 11. We estimated the fraction of food assimilation, a, coefficient of food consumption, h, and the coefficient, s, as 0-435, 0-997 and 2-91 respectively.
Simulation results
The modified bioenergetic model considers the parameters offish stocking density, fertilizer richness, and spawning, and closely fits the observed data for different fertilizer levels ( Fig.  1 ). The estimated maximum growth rates and the number of days from stocking at which maximum growth occurs are 1-62 (48 days), 1-27 (22 days), 2-07 (48 days), and 2-06g/day (44 days) for fertilization levels 1, 2, 3 and 4 respectively. The average rations at which the maximum growth rates were found to be 6-20, 4-92, 8-38 and 7-85g/day for four fertilizer levels respectively. The model simulation indicated that the optimal tilapia growth condition for stocking density and the addition of organic fertilizers is 500kg/ha/week with tilapia stocked at 1 fish/m^ and no spawning activity. Figure 2 shows that the simulated growth curves (without spawning) fit the observed data (actual weight plus larvae weight) well. The spawning term, sw, in equation 8 can have significant impact on fish growth. In the CRSP experiments in Thailand, the larvae weights were found to be 7-5%, 8-9%, 12-9% and 10-1% of body weight for levels 1, 2, 3 and 4 respectively. If we assume that spawning loss is in the same proportion as larvae weight to body weight, the adult fish weight in this simulation may increase by the end of the experiment from 254g to 293g (level 1), 155g to 188g (level 2), 287g to 448g (level 3). and 27igto360g(ievei4).
Sensitivity analysis
Sensitivity analysis was carried out to evaluate the relative importance ofthe parameters used in the models. The parameters values of m, n, k, b and h published for other fishes have been used in the simulations ( Table 2 ). The sensitivity analysis was determined using equation 12 (Jensen 1991).
where A (O) is changes in output, A(/J) is changes in parameter, O is the original output, and p is the original parameter value (Jensen 1991). The results of sensitivity analysis are listed in Table 2 . Theorderof sensitivity for the parameters is n,m, 6,/i, /cand N. 'n\ the exponent of body weight for catabolism, is the most sensitive factor that affects fish growth (Fig. 3A) . Changes in m also have substantial impacts in growth rates. In particular, when m is increased from 0-75 to 0-8, the simulated growth rates exhibited geometric increases (Fig. 3B) . Coefficients m and n are more sensitive than coefficient of catabolism {k) for growth because the effects of m andn on growth are geometric while the effect of Aon growth is additive (Fig.  3A, B , and E). Efficiency of food assimilation, 6, and the coefficient of food consumption,/i, have modest effects on tilapia growth (Fig. 3C and D) . Stocking density can also affect fish growth. If an increase in fish density reduces the available fish rations and effects the adequate level of fish feeding, growth can decline (Fig. 3F) . 
Discussion
Environmental and physiological factors are important in warmwater fish culture and can affect growth and yields substantially. Studies have reported the effects of stocking density, fertilizer richness, or spawning individually on fish growth (Hepher 1978; Diana & Lin 1988; Green, Phelps & Alvarenga 1989) , but none as yet has evaluated the integrated effects of these factors on fish growth in ponds. In order to assess the integrated effects of stocking density, spawning, and fertilization richness on tiiapia growth, we modified Ursin's (1967) model to develop a bioenergetic growth model. In addition to the above factors, this model also takes into consideration changes in fish size, rations and temperature. While temperature is not a major factor in this study (ambient temperature changes during the CRSP study were small), the effects due to such changes are not considered.
The best combination of the anabolism (synthesis) coefficient, m, and the catabolism (metabolism) coefficient, n, for tiiapia was found to be m = 2/3 andn = 1. Anabolism is noted to correlate with fish O2 consumption, since fish are aerobic heterotrophs (Moreau 1987) . The coefficient, m, was reported close to the ratio between gill surface area and body weight (Moreau 1987) . The value obtained in this study, 2/3, is close to this ratio. As for n, since catabolism (metabolism) is directly proportional to fish weight, rt = 1 appears to be appropriate.
The maximum growth rates for tiiapia in the ponds examined are found about 44-48 days after stocking. Although the specific factors which influence the time at which maximum growth occurs is not known, we provided a way to estimate directly the period during which such growth is to occur, as illustrated below;
where WI is the period of maximum growth and is the inflection point of the growth curve. The amount and types of food available in ponds, culture species, stocking size and density, and temperature are thought to have impact on maximum growth. Hepher (1978) indicated that when food is not a limiting factor, maximum growth is determined by intrinsic physiological character, whereas the specific growth rate is determined by the genetic characteristics of the fish and by the environment. Weatherley (1976) mentioned that gene, hormone, fat and protein dynamics are factors affecting maximum fish growth. Expansion of the maximum growth period of tiiapia can be an efficient way to optimize fish yield in ponds. Springborn, Jensen & Chang (in press) reported that if fish production cost per day is constant, the economic return for fish yield at harvest is at a maximum at this infiection point and decreases thereafter as fish continue to grow. The postponement of the inflection point in growth can be an important way to increase economic return.
Fertilization is commonly used to enrich pond water to increase natural food production and to provide additional organic matter for fish food (Chang 1988 ). Fish growth rates were found to be directly related to the amount of enrichment when ponds were low in nutrients. The effects of fertilization on fish growth were less noticeable in eutrophic pond environments (Chang 1988 (Chang , 1989 ; in fact, eutrophic ponds receiving a large addition of organic fertilizers often develop early-morning oxygen deficits which lead to anoxic conditions at dawn (Chang 1989) . In this study, we found no significant increase in the growth of tiiapia with levels of organic fertilization greater than 500 kg/ha/week in CRSP experimental ponds in Thailand. Stickney, Hesby, McGeachin & Isbell (1979) indicated that T. nllotica had the best growth in ponds that had a history of high manuring rate. Therefore, the high eutrophic conditions which existed in those ponds prior to fertilization may be important for fish growth.
Fish stocking density is an important factor in aquaculture as it can affect natural food availability, theefficiency of food resource utilization in ponds, and total fish yields in ponds (Chang 1988) . As the number of fish stocked in a pond increases, the amount of ration available to each fish decreases. A reduction in fish growth is likely to occur when the pond becomes resource limited. However, when food is sufficient to support fish growth tilapia production increases directly with the increase in stocking density (Edwards, Sinchumpasak, & Tabucanon 1981; Turner, Sibbald & Hemens 1986) .
In this study, we found that tilapia has an optimal growth rate when the stocking density is below lfish/m'^ and its growth decreases as the stocking density increases (Table 3) . Similar findings were made by Diana & Lin (1988) , who also mentioned that the mean weight of fish decreases with the increase in stocking density from one fish/m~ to three fish/m^. Tilapia asymptotic weight decreases as stocking density increases, while total harvesting weight increases as stocking density increases from 0-5fish/m^ to four fish/m- (Table 3 , Fig. 4 ). If we consider stocking density for optimal harvesting and fish weight, two fish/m" appears to be the best choice, while if we only consider stocking density for optimal growth rate, one fish/m'^ is the best selection.
Tilapia can begin to spawn at 3-6 months of age and the spawning often persists for 19-21 days (Buddie 1984) . Welcomme (1970) reported that reproduction asaresult of stunting can occur when the fish switches from somatic growth to gametogenesis at the first maturity, and indicated that this phenomenon can take place when the fish encounter environmental changes and stress. In our simulation, we assumed that reproduction started 55 days after stocking (88 days after hatching) because larvae were found 59 days after stocking in the CRSP experiments in Thailand. The percentage of larvae weight in proportion to body weight increases with stocking time and with the amount of organic fertilizer up to the level of 500kg/ha/week (Table 4 ). The simulation result shows that growth significantly increases when no reproduction occurs and the growth curves generated from the simulation fit the observed weight (stocked fish weight plus larvae weight) well. The real mechanism stimulating the fish to shift from somatic growth to gonadal growth is unclear, but Pullin (1982) suggested that the reduction in oxygen availability for fish may be one possible factor which affects the metabolic pathway, causing nutrients to be channelled into gonadal products.
Our bioenergetic model was verified using an independent CRSP data set from cycle 3 of the wet season in Thailand. We found that the simulated growth curves are close to the observed data for all fertilization levels except leve! 3 (Fig. 5) . Since the growth rates obtained from observed data for fertilization level 3 are lower than those of fertilization level 2, the poor fit for the data from level 3 may be due more to variability in pond responses than to problems in model simulation. Overall, the modified bioenergetic model is accurate and can adequately describe the growth of tilapia for different pond conditions using the parameters estimated from a portion of CRSP Thailand data. This model, however, would produce optimal results if fish growth increased with fertilizer additions and there were no major trophic differences in pond history before fertilization. We found that the model simulation using a 90% survival rate provides the closest prediction of the observed tilapia yields. Fish size and density, food concentration, and spawning have been considered individually in many pond experiments. Conducting such experiments is usually expensive and labour intensive, and at times it is not possible to replicate these experiments in ponds. The Table 4 . Percentage of larvae weight in proportion to body weight for different fertilizer levels. Inside parentheses are the larvae weights in kg bioenergetic model developed in this study provides a synthesis of growth response to different conditions in ponds, considers the integrated effects of these factors on tilapia growth, and deduces a set of optimal cultural conditions for increasing tilapia yields.
